Cytoscape (http://cytoscape.org/) and cBio Portal allow the user to see known functional connections between genes, but are limited to known pathways (which are limited in coverage) or predicted pathways (which tend to have high error rates). In short, no tool meets all purposes, and all tools have scenarios in which they are most effective. The UCSC Cancer Genomics Browser is effective for genomebased or gene-based analysis, scales well to larger cohorts, and offers additional features for cancer analysis such as integrated KaplanMeier plots.
Results
The power of this approach is illustrated in Figure 1 , which shows a heatmap of the somatic mutation profile of the significantly mutated genes in the TCGA acute myeloid leukemia (AML) cohort, as well as the corresponding AML subtype designations for these samples. Compared to the other cancers within TCGA, AML is a distinct, relatively homogenous group, yet it can be further divided into subtypes by clustering genomic data such as miRNA expression 4 or DNA methylation (Peter Laird, Personal Communication) (Figure 1b) . miRNA expression and DNA methylation subtypes show significant concordance, in particular, between miRNA cluster 3 and DNA methylation cluster 3 (the orange subtypes) and also between the miRNA cluster 5 and methylation cluster 5 (the green subtypes). The double cluster 3 is strongly enriched for mutations of NPM1, a nucleoplasmin involved in the regulation of TP53; this pathway connection is reflected in the mutually exclusive pattern of TP53 and NPM1 mutations (Figure 1a) . The double cluster 5 shows relatively few mutations and is strongly enriched for samples with favorable cytogenetic risk 4 . The UCSC Cancer Genomics Browser's dynamic Kaplan-Meier plot confirms this by demonstrating that the samples in miRNA cluster 5 show a substantial advantage in overall survival (Figure 1c) . Altogether, this analysis connects cancer subtypes, their underlying genomic data, and their clinical outcome. This analysis is done in seconds, and interactively.
The TCGA Pan-Cancer analysis revealed that tumor samples cluster largely by their tissue of origin 5 . For example, lung squamous cell carcinoma (LUSC) clusters with other squamous cell carcinomas such as head and neck (HNSC) and some bladder urothelial (a) Somatic mutations for the most-significantly mutated genes in TCGA AML tumor samples 3 . Samples are arranged in rows and genes in columns. Red indicates that the tumor sample harbors non-synonymous coding mutations in the corresponding gene while white indicated that such mutations were not detected. (b) Column 1 represents the miRNA expression clusters 3 , Column 2 represents the DNA methylation clusters (Peter Laird, Personal Communication), and Column 3 represents cytogenetic risk category for the AML cohort. For each column, each cluster or category was assigned a distinct color from the D3 color map (https://github.com/mbostock/d3/wiki/Ordinal-Scales), with five clusters for miRNA expression (cluster 1-5) and nine for DNA methylation (cluster 1-9) , and three for cytogenetic risk category (favorable, intermediate, poor). A strong concordance is observed between miRNA cluster 3 (orange), DNA methylation cluster 3 (also orange) and intermediate cytogenetic risk (light blue); and between miRNA cluster 5 (green), DNA methylation cluster 5 (also green) and favorable cytogenetic risk (dark blue). carcinoma (BLCA) samples, while lung adenocarcinoma (LUAD) falls into a distinct cluster. The contrast between LUSC and LUAD is illustrated in Figure 2a , a gene expression heatmap for a set of 600 genes with at least three-fold differential expression between LUSC and LUAD. The associated clinical heatmap (Figure 2b) shows that, in lung cancer, the subtypes defined by Pan-Cancer whole-genome RNAseq analysis (predominantly LUAD-like and squamous-like subtypes) are largely consistent with the cancer types defined by pathology (LUAD and LUSC cohorts), but there are exceptions.
Most LUSC samples are designated as squamous-like by RNAseq analysis. However, 19 out of 347 LUSC samples fall into the LUADlike RNA subtype. This is not too surprising, since LUAD and LUSC are difficult to distinguish histologically, with as much as 40% disagreement between pathologists 6 . Misdiagnosis is potentially fatal: Bevacizumab (Avastin) is the recommended chemotherapy for LUAD, but can lead to a life-threatening hemorrhage in LUSC patients 7 . A user-defined custom annotation column divides the samples into three categories: LUAD, discordant LUSC (those for which the RNA subtype is inconsistent with the cohort), and concordant LUSC (for which the RNA subtype and cohort are consistent). In Figure 2a , we observe that the discordant LUSC samples have gene expression levels that are more similar to LUAD than LUSC, although their similarity to LUAD is modest. This suggests that these samples may be near the borderline for subtype classification, for example, tumors that are less differentiated, therefore difficult to classify by pathology. Many of these discordant LUSC samples lack the 3q26 amplification commonly seen in LUSC and other squamous cell carcinomas, where PIK3CA and ECT2 are located 8 ( Figure 3 ). Using the UCSC Cancer Genomics Browser's genomic signature function, users can easily define gene expression signatures. We further analyzed the discordant samples against the Shedden gene expression signature where a high signature value predicts poor overall survival in LUAD 9 . We are able to confirm the Shedden signature in TCGA LUAD data in terms of both overall and recurrence free survival (Figure 4 ). The Shedden signature value is high for the discordant LUSC samples, suggesting that if they are misclassified by pathology and truly LUAD samples, then their prognosis is likely to be poor (Figure 2b ). Consistent with this, the browser's Kaplan-Meier plot suggests that the patients of the discordant LU-SC group have worse recurrence free survival prognosis than either the LUAD group or the concordant LUSC group (Figure 2c ). This demonstrates how the UCSC Cancer Genomics Browser, in combination with the Pan-Cancer subtypes, can lead to testable hypotheses with a direct impact on patient care.
Interactive online exploration is easy using the UCSC Cancer Genomics Browser in part because it hosts a comprehensive collection of TCGA data. There are currently 376 genomic datasets from 27 TCGA cancer types, including data on gene and exon expression, total protein and phosphoprotein expression, segmented and genelevel copy number variation, DNA methylation, somatic mutation and pathway inference, as well as all the associated public-tier TCGA patient and tumor sample clinical data (Supplementary Table 1 ). TCGA data is automatically updated on the browser on a monthly basis. We further curate the overall and recurrence-free survival information based on patient follow-up data, which are used in the integrated survival analysis. Pan-Cancer subtypes are defined by the Pan-Cancer working group using gene expression, copy number, DNA methylation, protein expression, or somatic mutation data individually, or integratively by iCluster 10 , PARADIGM pathway inference 11 , Figure 3) . Both subtype designations use tissue dependent data as input that reflect both tumors' somatic changes as well as innate genomic profile of the tissue of origin. PanCancer subtypes defined using only copy number alterations or mutation reflect somatic changes in tumor DNA and show less concordance with the tissue of origin (Supplementary Figure 4) . DNA methylation data subtypes are defined using a selected set of loci unmethylated in almost all the matched normals. The subtypes that reflect tumor-specific hyper-methylation show a unique profile according to tumor's tissue of origin, with each tissue often further breaking down into several subtypes (Peter Laird, Personal Communication). Investigators can upload custom sample annotations to the browser, such as their own subtype classifications, to view with TCGA genomic and clinical data, compare against Pan-Cancer subtypes, and evaluate using online survival analysis. Researchers can also save browser views as bookmarks to share interesting findings with collaborators or for later revisits. In addition to data visualization, TCGA data are available at the browser as bulk downloads and selected data slices. Discussion TCGA holds promise for a comprehensive understanding of human cancer. The project has produced the most uniform and comprehensive catalog of cancer-specific genomic aberrations to date. The TCGA Pan-Cancer project furthers this effort by identifying patterns of aberrations that are shared by different cancers regardless of their tissue of origin. But to further this effort, and to derive most value from the large amounts of TCGA data, there must be powerful, flexible tools to allow researchers and clinicians to connect genomic aberrations, cancer subtypes and clinical features such as survival and response to therapy.
The UCSC Cancer Genomics Browser presents the TCGA data and Pan-Cancer subtypes in a coherent, integrated system for both TCGA researchers and the scientific community at large. It provides direct access to and visualization of data at specific genes or genomic regions on samples of interest. It displays genomic aberrations alongside clinical and annotation features in a flexible, dynamic display, sorted by the features of the user's selection. Integrated Kaplan-Meier plots allows researchers to assess when change of cancer subtypes coincide with changes in survival. We have shown examples of this in acute myeloid leukemia and in adenocarcinoma and squamous lung cancer. We will continue to develop the UCSC Cancer Genomics Browser with mechanisms for custom input of genomic data, new genesets from the literature, and queries and profiles that select across genomic data types.
Methods
The UCSC Cancer Genomcs Browser can be accessed by navigating to https://genome-cancer.ucsc.edu/ and following the central hyperlink. Public datasets include TCGA, Cancer Cell Line Encyclopedia 12 , and the Stand Up To Cancer (SU2C) Breast 
data provenance. For TCGA datasets, the data was downloaded from the TCGA Data Coordination Center (DCC) or from the results of the TCGA Firehose pipeline at the Broad Institute (http://gdac.broadinstitute.org/).
Genomic data and views. The UCSC Cancer Genomcs Browser displays genomic, clinical and annotation data in multiple views: Heatmap, Proportions and Boxplot. The default Heatmap view allows the visualization of each sample in the cohort separately, with rows representing samples and columns representing genes, genomic regions, clinical or phenotypic parameters. Hovering over a data point will display its sample, data type, and value in a separate tooltip box. Proportion and Boxplot viewing modes summarize genomic data at each gene or genomic location, with Proportions view showing the data in rank order and Boxplot view illustrating the data distribution at each position.
Genomic data can be visualized along genomic coordinates or according to a set of genes using the Chromosome or Genes viewing mode respectively. Chromosome mode displays the genomic data by position, from whole-genome scale (the default mode) to single base-pair resolution. Genes mode displays genomic data for selected sets of genes where users can select an existing gene set from the browser's database or to construct their own. In either mode, users can dynamically zoom to any scale of interest.
Annotation data. Each genomic dataset has a number of annotation fields associated with it, including Pan-Cancer subtypes and clinical features. Certain annotation fields are displayed by default; others can be added to the display by clicking the plus (1) icon. In Heatmap view, genomic and annotation data is sorted first by the values in the leftmost column, and then by each column after that. By clicking on a column, users can hide or reposition an annotation, dynamically changing the sort order.
Each annotation column is color-coded by its contents. Continuous data are rendered as a color continuum, while discrete, categorical data are rendered as a set of multi-colored blocks. As with the genomic data, hovering over an annotation column will display the sample and value in a separate tooltip box.
For annotation fields that span multiple cohorts, such as a Pan-Cancer subtype classification, coloring is consistent across cohorts. This allows the user to quickly determine when samples from different cohorts belong to the same subtype.
Controlling the display. Users can zoom into the display either horizontally or vertically. By clicking and dragging horizontally across the genomic data, users can zoom into selected genes or genomic regions. By clicking and dragging the mouse vertically across the annotation data, users can zoom into selected samples. Controls alongside the genomic and annotation data allow the user to zoom out horizontally and vertically. In addition to zooming, the user can resize the display of any dataset by dragging the size control at the lower right of the dataset display.
Subgroups and online statistics. Subgroups allow users to group samples according to an arbitrary combination of annotation data values. Statistical analysis results from comparing two subgroups of samples are displayed at the bottom of the genomic map, indicating whether values vary significantly by subgroup. For example, it can be used to indicate if mutation frequencies or gene expression levels vary significantly by userdefined groupings.
Genomic signatures. Genomic signatures are an algebraic expression over a set of genes. The resulting signature values form a new annotation column, which can be used to sort the samples according to genomics data. A signature can be as simple as a single gene, enabling users to sort the genomic data by TP53 expression or ERG copy number changes. Users can also make more complex signatures such as the Shedden gene expression signature that predicts overall survival in lung adenocarcinoma, or one that predicts drug response.
Annotation upload and download. Investigators can upload their own sample annotations as custom data. They can also download annotation data currently displayed at the browser, further analyze it using other tools such as Microsoft Excel or R, and upload the results back into the browser. These functions together allow users to perform advanced analysis on the browser.
Kalpan-Meier plots. The UCSC Cancer Genomcs Browser can dynamically generate Kalpan-Meier (KM) plots for datasets with curated survival data, which includes all TCGA cohorts. Groups of samples are colored and labeled according to the leftmost annotation column so that users can quickly assess if any annotation field has an impact on survival. Advanced options in KM plots allow investigators to select other survival parameters. For example, in TCGA datasets, users can choose to assess either recurrence free survival or overall survival.
Bookmarks. Bookmarks provide users with hyperlinks to save the state of the browser and share analysis insights with others. When a user enters a bookmark URL in a web browser, a new UCSC Cancer Genomics Browser session will open with the same saved view, and the user can then proceed interactively, perhaps trying something different the second time. User accounts allow users to save named bookmarks under their account.
